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ABSTRACT: The SARS-CoV-2 global pandemic created an unprecedented need for
rapid, sensitive, and inexpensive point-of-care (POC) diagnostic tests to treat and
control the disease. Many POC SARS-CoV-2 lateral flow immunoassays (LFAs) have
been developed and/or commercialized, but with only limited sensitivity (μM−fM). We
created an advanced LFA based on gold nanospheres (GNSs) with comprehensive assay
redesign for enhanced specific binding and thermal contrast amplification (TCA) on
GNSs for signal amplification, which enabled fM−aM detection sensitivity for SARS-
CoV-2 spike receptor-binding domain (RBD) proteins within 30 min. The advanced
LFA can visually detect RBD proteins down to 3.6 and 28.6 aM in buffer and human
nasopharyngeal wash, respectively. This is the first reported LFA achieving sensitivity comparable to that of the PCR (aM−zM) by
visual reading, which was much more sensitive than traditional LFAs. We also developed a fast (<1 min) TCA reading algorithm,
with results showing that this TCA could distinguish 26−32% visual false negatives for clinical commercial LFAs. When our
advanced LFAs were applied with this TCA, the sensitivities were further improved by eightfold to 0.45 aM (in buffer) and 3.6 aM
(in the human nasopharyngeal wash) with a semiquantitative readout. Our proposed advanced LFA with a TCA diagnostic platform
can help control the current SARS-CoV-2 pandemic. Furthermore, the simplicity and speed with which this assay was assembled
may also facilitate preparedness for future pandemics.
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■ INTRODUCTION

The past decades have witnessed a recurrence of multiple
pandemics such as severe acute respiratory syndrome (SARS),
Middle East respiratory syndrome coronavirus (MERS), H1N1
and other influenza viruses, the Ebola virus, the Zika virus, and,
most recently, the SARS-CoV-2 virus.1,2 A recurring issue in
the response to these pandemics is the lack of rapid, accurate,
and affordable diagnostic tests to efficiently prevent and
control the spread of the disease.3 The SARS-CoV-2 pandemic
has caused significant global morbidity and mortality. As of 13
July 2021, there have been over 186 million confirmed cases
and over 4 million cumulative deaths worldwide due to SARS-
CoV-2.4 To control the spread, multiple testing methods have
been developed and applied, such as the RT-PCR, rapid tests
(i.e., lateral flow immunoassays, LFAs), the CRISPR-based
assay, and diagnostic imaging (e.g., computed tomography on
patients’ lungs).5−7 The reverse transcription-polymerase chain
reaction (RT-PCR) is one of the most widely used methods
due to its ultrahigh sensitivity, but it usually has a long
turnaround time and requires expensive reagents, equipment,
and professional training.3,8 While its claimed assay time can
be less than an hour, the actual time to diagnose a patient
suspected with SARS-CoV-2 infection was >24 h or even
several days during outbreaks due to the need to ship samples
to laboratories and the limited available testing resources (i.e.,

facilities, reagents, and professionals).3 In addition, many
underdeveloped countries lack sufficient resources and budget
to carry out population-wide RT-PCR tests.9,10

Serological and antigen rapid tests were developed and
commercialized to address these difficulties and help relieve
the diagnostic burden. While these rapid LFA tests are faster,
cheaper, and easier to use than the RT-PCR, their performance
results have been inconsistent, with a notable lack of sensitivity
and no quantification. Some cohort studies showed good
sensitivity of commercial serological and antigen rapid tests
when comparing results with confirmatory RT-PCR re-
sults,11−14 but unsatisfactory diagnostic performance was also
reported. The Coris SARS-CoV-2 Ag Respi-Strip test, for
example, showed sensitivity as low as 30.2% for clinical
samples,15 and the BinaxNOW antigen rapid test cards were
reported to have an analytical sensitivity approximately
equivalent to the cycle threshold of 29−30 from a generic
qRT-PCR, which may not be sufficient to detect all relevant
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infections.16 A similar issue of low sensitivities of rapid antigen

and antibody tests was reported elsewhere, and these tests were

less recommended for diagnosing acute SARS-CoV-2

infection.17−20 In short, the commercial rapid antigen and

antibody tests remain of limited usefulness for detecting all

relevant SARS-CoV-2 infections, and thus cannot fully serve

the immediate response to and management of the pandemic
spreading worldwide.3

To better detect SARS-CoV-2 infections at the point-of-care
(POC), many research efforts have been put to improving the
sensitivity of commercial LFAs.21−23 Table 1 shows the recent
literature applying either signal amplification methods (e.g.,
fluorescence and surface-enhanced Raman scattering) or assay

Table 1. Detection Sensitivity and Assay Time of the Reported SARS-CoV-2 Antigen and Antibody Rapid Testsa,b

limit of detection (LoD)

analytes LFA improvement sample matrix mass concentration molarity
assay time
(min) refs

IgG fluorescence diluted serum by buffer NA 10 30

IgG/IgM fluorescence buffer NA. 104-fold better than visual reading
with colloidal gold

15 31

IgG/IgM fluorescence serum IgM: 0.236 μg/mL; IgG: 0.125 μg/mL IgM: 0.26 nM IgG:
0.83 nM

10 32

IgG/IgM SERS diluted serum by buffer 1 pg/mL (IgG or IgM) NA 33

IgG scattering contrast buffer 0.1 ng/mL NA 34

γ-radiated SARS-
CoV-2

antibody paired
with ACE2

buffer 1.86 × 105 copies/mL 0.3 fM 20 35

S- & N-proteins NA NA (nonclinical) S: 1 ng/mL; N: 0.1 ng/mL S: 5.71 pMb N: 0.88
pMb

11 36

N-protein NA diluted serum by buffer 0.65 ng/mL 5.7 pMb 20 37

spike RBD
protein

TCA a. buffer b. nasopharyngeal
wash (human)

a: 0.016 fg/mL b: 0.125 fg/mL a: 0.45 aM b: 3.6 aM 30 this
studyNA a: 0.125 fg/mL b: 1 fg/mL a: 3.6 aM b: 28.6 aM

aNA: not applicable; SERS: surface-enhanced Raman scattering; ACE2: angiotensin-converting enzyme 2; S-protein: spike protein; N-protein:
nucleocapsid protein; RBD: receptor-binding domain; and TCA: thermal contrast amplification. bAssume that the molecular weights for SARS-
CoV-2 spike and nucleocapsid proteins are 175 and 114 kDa, respectively, when they were not notified in the literature.

Figure 1. Building and characterizing a fast TCA reader by continuous reading. (A) Schematic working mechanism of TCA, where gold
nanoparticles are excited under laser irradiation and their elevated temperature is recorded by an infrared (IR) camera. (B) Readout formats by
visual with qualitative results (±) vs TCA with semiquantitative (numeric) results, where strong, medium, or weak signal can correlate to the
antigen load. (C) Schematic of discrete (slow) and continuous (fast) reading algorithms in a TCA reader. The thermal signal of a test line was
obtained by calculating the area under the temperature curve, recorded by an IR camera when scanning across the test line. (D) Thermal signals of
test lines from calibration LFAs, read by both continuous and discrete reading algorithms in the TCA reader. In discrete reading, the heating time
per point included 5.5 and 10.5 s. For continuous scans, the scan velocity included 0.1 and 0.25 mm/s. The test lines were printed with various
concentrations of gold nanospheres (GNSs), which were characterized by the peak absorbance (unit: OD, optical density) for a 1 cm path length of
light through their solutions. (E) Measured time consumption per reading by both discrete and continuous reading algorithms. For discrete
readings, the heating time per point ranged from 1.5 to 10 s. In continuous reading, the scan velocity ranged from 0.1 to 2 mm/s. For all reading
conditions, the number of replicates was three. The statistical significance is indicated with asterisks: ns: p > 0.05; *p < 0.05.
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improvement (e.g., novel affinity molecules) to LFAs for better
detection of SARS-CoV-2. Most had assay time between 10
and 20 min and detection sensitivity in the nM−fM (i.e., 10−9−
10−15 M) range, still much lower than RT-PCR (aM−zM, or
10−18−10−21 M). Although it is recently reported that LFA
read by scanning electron microscopy (SEM) could achieve
sensitivity comparable to RT-PCR,24 the testing platform is too
complicated and expensive for POC use.
Meanwhile, assays with sample enrichment and LFA readout

have been under rapid development, aiming for more accurate
POC tests. The reverse transcript loop-mediated isothermal
amplification LFA (RT-LAMP-LFA) system, for example, can
detect SARS-CoV-2 RNA at concentrations of ≥2 copies/μL
(3 aM) in 40 min.25 Similar work used various isothermal
amplification methods coupled with an LFA readout, whose
detection sensitivity was aM−zM with assay time from
approximately 30 min−1 h.26−29 These are promising for
future POC use to replace traditional PCR tests, especially for
population screening in epidemics. However, challenges for
these isothermal amplification LFA platforms still exist and
need to be addressed for future POC use.21 Compared with
LFAs, for example, these assays need more expensive reagents,
multiple steps, and isothermal incubators, and have less
tolerance to contamination.21

To overcome these challenges, we established an advanced
LFA based on gold nanospheres (GNSs) with thermal contrast
amplification (TCA) to detect the spike SARS-CoV-2
receptor-binding domain (RBD) antigen for acute infection.
To break through the fM detection limit of current LFAs, we
carried out comprehensive assay optimization along with signal
amplification (i.e., TCA). Specifically, we use high-affinity
antibodies, optimal running buffer, large GNSs, and an
improved conjugation method with increased antigen-binding

sites for enhanced specific binding (SB), along with TCA
reading where the GNSs captured at test lines were laser-
excited to generate the amplified photothermal signals. As a
result, the advanced LFAs in this work provided 3.6 and 28.6
aM detection limits readable with the naked eye to test the
RBD proteins in buffer and human nasopharyngeal wash,
respectively. This is the first report on an advanced LFA
achieving fM−aM analytical sensitivity that can be read with
the naked eye, which was much more sensitive than
conventional LFAs and even comparable to PCR’s sensitivity
range.21 Table 1 shows its advantage in detection sensitivity to
SARS-CoV-2 over other LFAs from the literature. Meanwhile,
a fast (<1 min) TCA reading was developed and identified
26−32% visual false negatives from clinical commercial LFAs.
When we applied this TCA to our advanced LFAs, the
detection limits were further lowered to 0.45 aM (in buffer)
and 3.6 aM (in human nasopharyngeal wash) in a semi-
quantitative readout format. The advanced LFAs with TCA
can help prevent the recurrence of the current SARS-CoV-2
pandemic and may also better prepare the world to diagnose
and control the spread of other diseases and prevent future
pandemics.

■ RESULTS AND DISCUSSION

TCA: Faster Reading Without Loss of Accuracy. TCA
can improve the sensitivities of LFAs although the throughput
of the traditional reading algorithm needs improvement. With
TCA, the captured gold nanoparticles at a test line were
excited by laser irradiation and showed stronger photothermal
effects than the background membrane, enabling the detection
of subvisual positives (Figure 1A).38−43 As a result, TCA
reading improved the sensitivities of clinical commercial LFAs
to diagnose group A Streptococcus and influenza A and B in

Figure 2. TCA reading of commercial SARS-CoV-2 antigen LFAs and illustration of specific and nonspecific binding in LFAs. (A) Schematic
flowchart for testing clinical SARS-CoV-2 samples by PCR, commercial visual SARS-CoV-2 antigen LFAs, and thermal contrast amplification
(TCA) LFA reading. (B, C) Statistics of visual and thermal results of (B) Abbott and (C) Siemens SARS-CoV-2 antigen LFAs tested with clinical
samples. PCR results were taken as true negative and true positive results for comparison. (D) Schematic of specific binding occurring with
nonspecific binding at test lines. Legends for B and C include TN: true negative; FN: false negative; TP: true positive; and FP: false positive.
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previous cohort studies.43,44 TCA reading also showed a
semiquantitative readout in diagnosing C-reactive proteins and
HIV p24 proteins,41,42 whose numerical thermal signals
increased with increasing antigen load (Figure 1B). However,
the old discrete algorithm for TCA reading (i.e., point-by-point
reading across a test line, as shown in Figure 1C), used in the
previous studies,38−43 took about 15−20 min for one reading
of an LFA.
To boost throughput, we developed a fast and continuous

reading algorithm (Figure 1C), allowing times of <1 min per
reading with comparable performance to the traditional
discrete reading type. Characterization of the fast-reading
algorithm was conducted by reading calibration LFAs (detailed
in Section S1 in the Supporting Information). Thermal signals
and time consumption are shown in Figure 1D,E. In Figure
1D, both reading algorithms showed semiquantitative thermal
signals corresponding to concentrations of GNSs at test lines.
Figure 1D also shows that the continuous reading, with either a
0.1 or 0.25 mm/s scan velocity, had a similar limit of detection
(LoD) for GNSs (2−3 optical density, OD) to the discrete
reading with 5.5 s heating time per point. Although the discrete
heating with 10.5 s heating time had a twofold lower LoD (2−4

OD), its reading time was >15 min, significantly longer than
that of the continuous reading (as low as <1 min), as shown in
Figure 1E. While increasing scan velocity can further reduce
reading time, scans that are too quick may miss some
information from real LFAs, which are expected to be more

complex than calibration LFAs. Therefore, in this study, a 0.25
mm/s scan velocity was used to continuously read both
commercial and lab prototype LFAs, with reading time <1 min.

Clinical Commercial SARS-CoV-2 LFAs: Reduction of
False Negatives by TCA. To benchmark the improved
performance of our new SARS-CoV-2 antigen LFA, we
performed a baseline test of selected existing clinical
commercial SARS-CoV-2 LFAs by visual and TCA reading.
Results showed a reduction in false negatives to diagnose
clinical samples by TCA over visual reading on PanBio SARS-
CoV-2 Ag Rapid LFAs from Abbott and CLINITEST Rapid
SARS-CoV-2 Antigen LFAs from Siemens. Comparison of
visual and thermal results in Figure 2B,C showed that TCA
detected about 32 and 26% visual false negatives from Abbott
and Siemens SARS-CoV-2 antigen LFAs, respectively. Thermal
signals of the visually false negatives identified by TCA are
plotted in Figure S1. This improved sensitivity of commercial
SARS-CoV-2 antigen LFAs by TCA is also consistent with our
previous cohort studies for rapid diagnosis of influenza43 and
group A: Streptococcus.44

TCA also slightly increased false positives for both Abbott
and Siemens LFAs, as shown in Figures 2B,C and S1. This is
mainly due to amplified noise from nonspecific binding (NSB)
at test lines by TCA.43 It is known that NSB usually exists
along with SB in LFAs, corresponding to noise and signal,
respectively. As shown in Figure 2D, NSB can arise from
different side reactions, including the hydrophobic and

Figure 3. Optimizing antibody and buffer for SARS-CoV-2 spike receptor-binding domain (RBD) protein LFA. (A) Comparison of SB of two
antibody pairs (Hytest and MyBioSource; see Materials for details) to the RBD protein in an LFA format. The first pair was used in the following
assay optimization work. (B) Effects of buffer pH on NSB. The concentrations of BSA, Triton X-100, NaCl, and ProClin 300 in buffer were 0.5%,
0.5%, 0.15 M, and 0.05%, respectively. (C) Effects of the BSA concentration in running buffer on NSB. The pH and the concentrations of Triton X-
100, NaCl, and ProClin 300 in buffer were 9, 1%, 0.15 M, and 0.05%, respectively. (D) Effects of the Triton X-100 concentration in running buffer
on the SB/NSB ratio. The pH and the concentrations of Triton X-100, NaCl, and ProClin 300 in buffer were 9, 1%, 0.15 M, and 0.05%,
respectively. (E) Optimizing concentration of the capture antibody at test lines by comparing SB/NSB ratios. The SB and NSB in panel (E) were
thermal signals from thermal contrast amplification (TCA) reading of test lines, while those in (A−D) were grayscale intensities, calculated as the
area above the grayscale curves across test lines plotted in ImageJ. NSB or SB was noise or signal of a test line when an LFA was run with blank or
antigen-loaded buffers, respectively. The antigen concentrations were controlled as the same for each set of studies in panels (A), (D), and (E),
respectively.
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electrostatic interactions of GNS conjugates with capture
antibodies and/or with the membrane, and the physical
capture of GNS aggregates in the membrane.42,45,46 The
accumulation of NSB can therefore cause false positives in
visual reading. This issue can be even more apparent after
signal amplification, thus setting a limit to sensitivity
improvement for various signal amplification methods.21 To
reduce NSB and false positives, extensive assay optimization is
needed to fit with signal amplification. With a redesign of the
assay, for example, the LFA with TCA achieved ELISA-level
sensitivity (∼pM) in detecting HIV p24 proteins.42

In short, while it creates some false positives, TCA can
reduce visual false negatives in commercial LFAs. To
dramatically improve sensitivity (≤fM) and suppress possible
false positives from cross-reactions between built-up reagents,
we developed advanced ultrasensitive SARS-CoV-2 antigen
LFAs by comprehensive assay optimization for maximal SB
and minimal NSB with signal amplification (TCA).
LFA Redesign I: Antibody and Buffer Optimization.

To develop the high-performing SARS-CoV-2 antigen LFA, we
optimized the antibody (i.e., antibody pair and amount) and
buffer for maximal SB and minimal NSB. For quantitative
optimization, NSB was measured by the noise from the test
line when testing a blank buffer (i.e., negative controls), while
SB was characterized by the signal from the test line when
testing an antigen-loaded buffer (i.e., positive controls). First,
the antibody pair was optimized for maximal SB. Figure 3A
compares the signals of SB between LFAs using two antibody
pairs with a controlled amount of GNSs per LFA and with a
controlled SARS-CoV-2 spike receptor-binding domain (RBD)
antigen concentration in buffer. The first antibody pair gained
a much higher SB signal than the second pair, while both
assays showed invisible test lines for blank buffer testing. To
optimize the running buffer, we, therefore, proceeded with the
first pair. NSB was first minimized to preclude any visible false
positives, and the specific-to-nonspecific binding ratio (SB/
NSB) was then maximized.42 The testing ranges of pH (7−9),
bovine serum albumin (BSA, 0.5−2%), and Triton X-100
(0.5−2%) to optimize the running buffer were selected based
on our previous LFA studies using ∼100 nm GNSs.41,42 Figure
3B shows that NSB was quite sensitive to buffer pH and that
minimal NSB noise occurred at pH 9. Figure 3C shows that
0.5−1% BSA offered good assay performance, whereas a higher
concentration (2%) led to stronger NSB. Figure 3D suggests
that 0.5% Triton was optimal with the highest SB/NSB while
further increasing Triton reduced SB/NSB. Based on the
abovementioned optimization, the optimal template of running
buffer for the first antibody pair was 60 mM Tris−HCl buffer
(pH 9), 0.5% BSA, 0.5% Triton X-100, 0.15 M NaCl, and
0.05% ProClin 300. Finally, the concentration of the capture
antibody precoated at test lines was optimized. Figure 3E
suggests that increasing the capture antibody’s concentration
significantly increased the SB/NSB ratio since the reaction rate
of SB increased with the concentration of the reactant. There
might be a maximal SB/NSB value at a higher concentration of
the capture antibody. However, note that, considering the
assay cost and the concentration limit of the as-received
antibody (2.4 mg/mL), a 2 mg/mL concentration was used for
the precoating capture antibody, although a higher concen-
tration may increase the SB/NSB.
LFA Redesign II: Larger GNSs Improve Visual and

Thermal Contrast and Specific Binding. Larger GNSs
(120 nm) were used as labels for stronger visual and thermal

contrast of a positive test line and higher SB in the assay. The
large GNS can improve visual and thermal contrast by its large
absorption cross section within the visible range (380−700
nm). The visual reading of a positive test line depends on the
scattering contrast of visible light between the test line and
background regions of the membrane, while the thermal
contrast relies on the absorption contrast at 532 nm (i.e., laser’s
wavelength in TCA reader). The bare membrane scatters
strongly but absorbs weakly within the visible range. When
loaded with visible-light absorbers (e.g. GNSs), however,
strong scattering reduction and absorption enhancement for
the membrane were observed, which induced visible and
thermal contrast, respectively.47 By Mie theory calculation,48

Figure 4A shows that larger GNSs (120 nm) had a much

stronger absorption of visible light than smaller ones (30 nm),
indicating larger visual and thermal contrast for the controlled
GNS amount. Their TEM images are shown in Figure 4B. In
addition, 120 nm GNSs can achieve more SB at test lines than
smaller GNSs due to increased antibody loading capacity, as
seen with the 100 nm GNSs used in our previous study.41 The
reaction rate constant for each GNS in SB is proportional to
the available binding sites on its surface.49 Compared with
smaller GNSs, larger GNSs with larger surface areas can load
more antibodies and therefore have more antigen-binding sites,
thus producing more SB in the assay. Based on this
consideration, 120 nm GNSs were used throughout the design
of the advanced SARS-CoV-2 antigen LFAs below, instead of
the smaller ones (20−40 nm) more prevalent in traditional
LFAs.

LFA Redesign III: Covalent Conjugation with In-
creased Antigen-Binding Sites Improves Sensitivity.
Physical adsorption (Figure 5A) has been widely used to
conjugate GNSs with detection antibodies due to its simplicity
and ease of scaling up. For even better LFA performance, we
explored the covalent conjugation method (Figure 5A),
hypothesizing that this could lead to more active antigen-
binding sites from coated antibodies and therefore a higher
more SB.

Figure 4. (A) Absorption cross-sectional curves of 120 and 30 nm
GNSs in the visible range (380−700 nm). (B) TEM images of 120
and 30 nm GNSs.
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To test this hypothesis, we conducted binding site
characterization by fluorescence measurement (Figure 5B),
showing more active antigen-binding sites on covalent GNS
conjugates than physical adsorption ones (Figure 5C). To
achieve this, a model antigen, mouse IgG, was labeled by a
fluorophore (R-phycoerythrin, R-PE) through a cross-linker,
which provided a cleavable disulfide bond. After antigen−
antibody binding between GNS−antibody conjugates and R-
PE−antigen conjugates, the fluorophores were released from
the GNS complexes and measured as a representation of
antigen-binding sites by the two methods (Figure 5B). The
excess free R-PE−antigen conjugates were separated from
GNSs and measured. As compared in Figure 5C, the
fluorescent intensity (normalized by GNS amount) standing
for antigen-binding sites from covalent conjugation was about

46% higher than that from physical adsorption conjugation. A
similar difference was seen in the R-PE−antigen consumption
rate ( bond R-PE-antigen/total addition) for the antigen−
antibody reaction in Figure 5C. This increase in antigen-
binding sites might be due to better coating efficiency and/or
oriented antibodies in covalent conjugation compared with
physical adsorption.
To further verify the hypothesis in an LFA format, model

mouse IgG LFAs were developed; these showed better
analytical performance by covalent conjugation than physical
adsorption. As shown in Figure 5D,E, the physical adsorption
had a higher background thermal noise (∼0.8 °C) than the
covalent one (∼0.6 °C). With TCA reading, the LoD for
mouse IgG in buffer by covalent conjugation (12.5 pg/mL,
0.08 pM) was about eightfold lower than that by physical

Figure 5. Comparing the covalent vs physical adsorption conjugation methods. (A) Schematic of physical adsorption and covalent conjugation
methods. (B) Schematic of characterizing active antigen-binding sites from GNS conjugates prepared by covalent and physical adsorption
conjugation methods. The GNS−antibody conjugates first reacted with R-phycoerythrin (R-PE)−antigen (i.e., mouse IgG) conjugates to label
antigen-binding sites with fluorophores (i.e., R-PE). The R-PE was then released from the GNS−antibody−antigen−RPE complex by dithiothreitol
(DTT) cleavage of the disulfide bond between R-PE and antigen, which was provided by a cross-linker, succinimidyl 3-(2-pyridyldithio)propionate
(SPDP). The released R-PEs were then measured by a fluorimeter and indicated the binding site amount from GNS conjugates. (C) Normalized
fluorescent intensities of released R-PEs post DTT cleavage on the GNS−antibody−antigen−RPE complexes, and normalized R-PE−antigen
consumption rates ( bond R-PE-antigen/total addition) in the reaction between GNS conjugates and R-PE−antigen conjugates. The intensities
were normalized by GNS amounts from the two conjugation types (∼15% difference). (D) Thermal signals of the test lines of mouse IgG LFAs
using physical adsorption conjugation. (E) Thermal signals of the test lines of mouse IgG LFAs using covalent conjugation. The data shown in
panels C−E were all based on the model antibody and antigen, i.e., goat antimouse IgG antibody (No. M8642, Sigma-Aldrich) and mouse IgG (No.
I5381 Sigma-Aldrich). Except for the difference in conjugation methods, other parameters were controlled as the same, including the detection
antibody and amount (5 μg per mL of stock GNS solution), LFA strips, running buffer, and TCA reading parameters. The statistical significance is
indicated with asterisks: ns: p > 0.05; *p < 0.05; and **p < 0.01.
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adsorption (100 pg/mL, 0.7 pM). The LFA samples are shown
in Figure S2A.
Above all, compared to physical adsorption conjugation,

covalent conjugation had more active antigen-binding sites on
the GNS surface and improved analytical sensitivity (i.e., lower
LoD) of LFAs. Therefore, in developing SARS-CoV-2 antigen
LFAs, covalent conjugation was used, aiming for better
sensitivity.
New SARS-CoV-2 TCA LFA: fM−aM Detection

Sensitivity of Spike RBD. Based on the abovementioned
optimization, we developed the new SARS-CoV-2 spike RBD
protein LFA, which demonstrated fM−aM detection sensitivity
for the RBD antigen in buffer and human nasopharyngeal wash
fluids. When testing serial dilutions of RBD protein in running
buffer (in Figure 6A), the visual LoD was 2−3 fg/mL (3.6 aM).
With TCA reading, subvisual positives were detected, which
further lowered the LoD by eightfold down to 2−6 fg/mL (0.45
aM). To assess the impact of working in clinical samples, the
RBD protein was spiked into the human nasopharyngeal wash,
which was collected during the 2017−2018 influenza season
without SARS-CoV-2, and then compared with buffer
solutions. Here, the LoDs increased by eightfold for both
visual and TCA readout, which was 1 fg/mL (28.6 aM) and
2−3 fg/mL (3.6 aM), respectively. The LFA samples are shown
in Figure S2B. This reduced sensitivity in nasopharyngeal wash
compared to clean buffer was probably due to the abundant
proteins present in the wash, which might have interacted with
and covered certain binding sites from detection and capture

antibodies in the assay; the SB could thus have been lowered
to a certain extent by the nasopharyngeal wash. Fortunately,
there were limited cross-reactions between the antibodies with
influenza and other nontargeted proteins from the nasophar-
yngeal wash because the background noise from testing the
unmodified nasopharyngeal wash sample was on a similar level
to that from clean buffer, as shown in Figure 6B. This also
indicates good specificity of the chosen antibody pair. In
addition, the semiquantitative thermal signals from TCA in
Figure 6A,B, which were proportional to GNS concentrations
at test lines, could be used to indicate the concentrations of
RBD analyte in samples.
In terms of SARS-CoV-2 diagnosis, our advanced SARS-

CoV-2 spike RBD protein LFA showed much lower LoDs both
visually and thermally over literature work, as shown in Table
1. This increased sensitivity by visual reading was mainly due
to the high affinity of the antibodies (high SB), optimal
running buffer (high SB and low NSB), improved antibody−
GNS conjugation methods leading to more antigen-binding
sites (high SB), and the use of 120 nm GNSs (strong visual
and thermal contrast, high SB). To gain a broader perspective
of diagnosis, its performance was compared with other
diagnostic platforms summarized in our previous perspective,21

as shown in Figure 6C. Although its assay time was about 30
min, the advanced LFA in this study showed significant
improvement in sensitivity over conventional LFAs and also
broke through the detection limits of most previously
published signal-amplified LFAs (≥fM). A deeper under-

Figure 6. Analytical performance of the SARS-CoV-2 spike receptor-binding domain (RBD) protein LFA with TCA. (A) Thermal signals of test
lines to test RBD proteins in running buffer. (B) Thermal signals of test lines to test RBD proteins in the pooled human nasopharyngeal wash. The
covalent conjugation was used to prepare those LFAs. (C) Comparing detection sensitivity and assay time of the advanced LFA from this work
with other literature work summarized in the previous perspective.21 Panel C was reproduced from ref 21. Copyright 2021 American Chemical
Society. The statistical significance is indicated with asterisks: ns: p > 0.05; *p < 0.05; **p < 0.01; and ***p < 0.001.
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standing of this high detection sensitivity can be achieved
through kinetic analysis of the reaction and flow in assay
development, which is detailed in Section S5 in the Supporting
Information. Briefly, the analysis shows it was the SB of this
advanced LFA that was significantly enhanced through those
assay optimization steps described above, especially when
testing low-concentrated analytes.

■ CONCLUSIONS

To achieve ultrasensitive diagnostics, an advanced LFA based
on GNSs with a TCA diagnostic platform was developed and
reported for rapid and highly sensitive testing of the SARS-
CoV-2 antigen. In the assay design, comprehensive assay
optimization for enhanced SB coupled with signal amplifica-
tion (TCA) on GNSs was carried out, including high-affinity
antibody pair, optimal buffer condition, use of large (120 nm)
GNSs, and covalent conjugation. The improved covalent
conjugation increased active antigen-binding sites by ∼46%
compared with the traditional physical adsorption. The
advanced LFA with only visual reading could detect 3.6 and
28.6 aM SARS-CoV-2 spike RBD protein in buffer and human
nasopharyngeal wash, respectively. This advanced LFA showed
lower visual and thermal LoDs over other literature work in
diagnosing SARS-CoV-2. As for the broad view of diagnostics,
its detection sensitivity was also much better than conventional
LFAs and even comparable to PCR. A fast (<1 min) TCA
reading was also developed, which could distinguish 26−32%
visual false negatives in clinical commercial LFAs. When
applying this TCA to the advanced LFA, another eightfold
improvement in sensitivities was achieved, reaching 0.45 aM
(in buffer) and 3.6 aM (in the human nasopharyngeal wash)
with a semiquantitative readout. Future work is required to
further validate both the sensitivity and specificity of the
advanced LFA in a cohort or clinical study before
commercialization and large-scale production.

■ MATERIALS AND METHODS
Materials. Chloroauric acid (No. G4022), hydroquinone (No.

H9003), poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (SH-
PEG2100-COOH, average Mn 2100, No. 757829), bovine serum
albumin (BSA, No. A7906), ovalbumin (No. A5503), N-hydrox-
ysuccinimide (NHS), potassium phosphate dibasic (No. 795496),
potassium phosphate monobasic (No. 795488), Tween 20 (No.
P1379), Triton X-100 (laboratory grade), trizma hydrochloride (No.
T3252), trizma base (No. T1503), MES monohydrate (No. 69892),
goat antimouse IgG antibody (No. M8642), goat antihuman IgG
antibody (No. I1011), and mouse IgG (No. I5381) were purchased
from Sigma-Aldrich. Sodium citrate (ACS grade) and sucrose (ACS
grade) were produced by Macron Fine Chemicals. N-(3-Dimethyla-
minopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, No.
PG82079), pyridyl disulfide-derivative R-phycoerythrin (R-PE, No.
P806, 1.0 average pyridyl disulfide residues per molecule),
succinimidyl 3-(2-pyridyldithio)propionate (SPDP, No. 21857), and
10X phosphate-buffered saline (PBS) were purchased from Thermo
Fisher Scientific. Dithiothreitol (DTT, No. BP172−5) was purchased
from Fisher Scientific. A customized 5X PBS-EDTA buffer (No. BM-
682, 1X buffer: 10.1 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM
NaCl, 2.7 mM KCl, 10 mM EDTA disodium dihydrate) was
produced by Boston Bioproducts. N-Hydroxysulfosuccinimide
sodium salt (sulfo-NHS, No. 12831) was purchased from Chem
Impex. The chimeric antibodies to SARS-CoV-2 spike RBD protein
(Nos. RBD5324 and RBD5308) were purchased from Hytest
(Finland). The recombinant SARS-CoV-2 spike RBD protein (35
kDa) was purchased from Dr. Fang Li’s lab at the University of
Minnesota. The polyclonal antimouse IgG antibody and mouse IgG

protein were gifted from James Sackrison (from Scantibodies, Inc.).
The glass fiber conjugate pad (No. GFCP203000) and nitrocellulose
membrane (No. HF 13502XSS) were purchased from EMD
Millipore. The wicking pad (No. CF5) was purchased from Cytiva.

TCA: Developing the Fast-Reading Algorithm. To increase
the throughput of the TCA reading, we developed a continuous
reading algorithm, which allowed it to finish one reading as fast as <1
min. During continuous reading, the laser scanned continuously
across a test line (see Figure 1D). The laser and the IR sensor were
turned on and kept still while the LFA strip being read was moved at a
constant speed controlled by a linear motor. After this reading, a
continuous temperature curve was obtained and the area under this
curve (AUC) was calculated as its thermal signal. According to the
IUPAC method, the detection limit was determined as the lowest
analyte concentration in a serial dilution study, whose thermal signal
was larger than the summation of mean and 3 times the standard
deviation of the thermal signals from blank samples (or negative
controls). Meanwhile, the ANOVA analysis of signals from blank and
low-analyte samples should show a p-value <0.05.

Clinical Commercial SARS-CoV-2 LFAs for TCA Reading.
Clinical samples of nasopharyngeal swabs in viral transport media
were collected by healthcare workers during mass testing of
unexposed asymptomatic residents in northeast Spain (Metropolita ̀
Nord).50 RT-qPCR tests were performed on these fresh samples
stored at 2−8 °C within 24 h, followed by commercial rapid SARS-
CoV-2 antigen LFAs from five commercial brands within the next 12
h.50 The visual readout (±) of rapid tests was compared to PCR
results, which were viewed as true results.50 More details about the
clinical sample collection and testing procedures are provided in the
recent publication.50

To understand how TCA helps improve the sensitivity of
commercial SARS-CoV-2 LFAs, some of the commercial LFAs were
left to dry after testing and were later transported from Spain to the
University of Minnesota (UMN) for TCA reading, as shown in Figure
2A. They included 54 LFAs from the PanBio SARS-CoV-2 Ag Rapid
test by Abbott and 53 from the CLINITEST Rapid SARS-CoV-2
Antigen Test by Siemens. These LFAs were selected to consist of
mostly visual false negatives, a small portion of true positives and true
negatives, and none or a few false positives. To dry these LFAs, the
sample, conjugation, and wicking pads were removed to stop any
further flow and reaction of reagents for most LFAs, except for a few
which had very clear backgrounds after assay completion. The dried
LFAs were kept and shipped in a bag with desiccants for further TCA
reading with a continuous reading algorithm. An LFA was determined
as thermally positive or negative via TCA reading by comparing its
thermal signal to a cutoff threshold, which was set as the summation
of the mean and 3 times the standard deviation of thermal signals
from four PCR-negative samples (true negatives). The correctness
(true or false) of thermal and visual results (±) was determined by
comparison to PCR results (±) obtained during the clinical study in
Spain.

LFA Development I: Screening the SARS-CoV-2 Antibody
Pair. The antibody pairs from Hytest and MyBioSource were tested
in a lateral flow format and their SB signals were quantified. The
capture antibodies and secondary antibodies to detection antibodies
were pipetted onto the nitrocellulose membrane as test and control
dots at a 1 mg/mL concentration. The membrane was dried in a
vacuum overnight prior to assembly and cutting. Corresponding
detection antibodies were conjugated with GNSs by the physical
adsorption at preoptimized pH with a controlled concentration. The
pH of the running buffer was optimized to 9 for both antibody pairs
to minimize false positives when testing the blank buffer. To quantify
the SB signal, the same positive controls (i.e., the same concentration
of SARS-CoV-2 spike RBD protein in buffer) were tested by LFAs
using the two antibody pairs. The positive signals were analyzed by
plotting grayscale curves across test lines using ImageJ software and
the areas above the grayscale curve were calculated for quantitative SB
comparison.

LFA Development II: Synthesizing and Characterizing
GNSs. The 120 nm GNSs were synthesized by the seed-mediated
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growth method.51 Briefly, 15 nm seeds were synthesized according to
the method described by Frens et al.52 First, 1 mL fresh 3.3% (w/v)
sodium citrate was added to 100 mL of a boiling 0.25 mM HAuCl4
solution under vigorous stirring. Boiling and stirring were continued
for another 10−15 min. The seed solution was cooled to room
temperature and diluted to 100 mL with milli-Q ultrapure water for
further use or stock. The 120 nm GNSs were then synthesized by
adding 1 mL of 0.25 mM HAuCl4, 1 mL of 15 mM sodium citrate, 0.3
mL of seed solution, and 1 mL of 0.25 mM hydroquinone into 97.66
mL of water under vigorous stirring in quick succession. Stirring was
kept for at least 2 h at room temperature to complete the growth of
GNSs. The GNSs were stabilized by adding Tween 20 at a final
concentration of 0.05% (v/v) before storage at 2−8 °C. After
synthesis, GNSs were characterized by an ultraviolet−visible−near-
infrared (UV−vis−NIR) spectrophotometer (Cary 5000 UV−vis−
NIR) and a transmission electron microscope (TEM, Tecnai G2).
The concentration of GNSs was determined by Beer’s law, where the
molar extinction coefficient (ε, M−1·cm−1) of GNSs was estimated
as51

101.0463 log log( 3
2 (diameter)) 4.0935ε = π× × × +

LFA Development III: Conjugating GNSs with Detection
Antibodies. Physical Adsorption Conjugation. The stock GNSs
were centrifuged once and resuspended in ultrapure water, whose pH
was adjusted to near the isoelectric point of detection antibodies by
adding 0.2 M K2CO3. For model mouse IgG assay, a goat antimouse
IgG antibody (M8642, Sigma-Aldrich) was added into GNS solutions
at 5 μg per mL GNS at a stock concentration, immediately followed
by vortexing and incubation on a rotator at room temperature for 1.5
h. To block the free GNS surface, BSA was added to a final
concentration of 1% (w/v), followed by rotating incubation for 0.5 h
at room temperature. The GNS−antibody conjugates were
centrifuged and washed once by 5 mM PB buffer. Finally, the
conjugates were recovered in resuspension buffer (10 mM PB, pH 7.4,
3% (w/v) sucrose, 0.5% (w/v) BSA, 0.05% (v/v) Proclin 300) and
stored at 4 °C until further use.
Covalent Conjugation. The stock GNSs were centrifuged once

and resuspended in ultrapure water at a fivefold concentration of its
stock solution. SH-PEG2100-COOH was added into the GNS
solution until a final concentration of 0.75% (w/v). The mixture was
stirred vigorously overnight at room temperature to complete the
reaction. The PEGylated GNSs were washed three times and
resuspended in 10 mM MES buffer for covalent conjugation with
antibodies through EDC/NHS chemistry. In 600 μL of a GNS
solution, 6 μL of a fresh EDC solution (10 mg/mL) and 12 μL of a
fresh sulfo-NHS solution (10 mg/mL) were added and vortexed
vigorously, followed by rotation for 30 min at room temperature. The
EDC-activated GNSs were washed once to remove excess EDC and
sulfo-NHS, resuspended in 5 mM PB buffer (pH 7.2), and incubated
with antibodies for 1.5 h at room temperature under rotating. BSA
was then added to a final concentration of 1% (w/v) to block the
GNS surface, followed by rotation for 0.5 h at room temperature. To
ensure sufficient blocking of excess active carboxyl groups on the GNS
surface, 12 μL of 12.5% (wt) hydroxylamine was added and incubated
for 10 min at room temperature. Finally, the conjugates were washed
twice, recovered in resuspension buffer (same as physical adsorption),
and stored at 4 °C until further use. Overall, 5 and 10 μg per mL stock
GNS of goat antimouse IgG antibody (M8642, Sigma-Aldrich) and
antispike RBD antibody (RBD5324, Hytest), respectively, were used
in covalent conjugation. The antispike RBD antibody was predialyzed
to remove sodium azide before the conjugation steps.
For both conjugation types, the characterization of antigen-binding

sites is described in Section S4 in the Supporting Information.
LFA Development IV: Fabricating and Running LFAs. The

method to fabricate and perform LFA generally followed our previous
studies.41,42 Briefly, capture antibodies were precoated onto the
nitrocellulose membrane by a dispenser (ClaremontBio, Automated
Lateral Flow Reagent Dispenser). For the model mouse IgG LFA, an
antimouse IgG antibody and mouse IgG (both from Scantibodies,
Inc.) were dispensed at 1 and 0.2 mg/mL as test and control lines,

respectively. For the SARS-CoV-2 spike LFA, an antispike antibody
(No. RBD5308, Hytest) and a goat antihuman IgG antibody (I1011,
Sigma-Aldrich) were dispensed at 2 and 0.2−0.4 mg/mL as test and
control lines, respectively. Post precoating, the membrane was dried
overnight in vacuum at room temperature to immobilize proteins.
The conjugate pad, membrane, and absorbent pad were assembled
onto an adhesive backing card, with 1−2 mm overlapping between
adjacent components to facilitate solution migration. The assembly
was laminated and cut into strips 3 mm wide. To run the assay, the
LFA strips were dipped into a 96-well plate filled with 140 μL of the
sample or buffer solutions. The visual results were recorded after 20
min (mouse IgG LFA) or 30 min (SARS-CoV-2 spike RBD LFA)
until completed migration of most GNSs before TCA reading. The
number of replication of LFAs for the same condition was three.

SARS-CoV-2 TCA LFA: Testing RBD in the Human
Nasopharyngeal Wash. To acquire LFAs’ analytical sensitivity for
an antigen in human samples, the recombinant SARS-CoV-2 spike
RBD protein was spiked into the human nasopharyngeal wash. This
wash was collected in the 2017−2018 flu season, pooled from
multiple deidentified patients, and stored at −80 °C prior to use.43

Although some of those patients were diagnosed with influenza A and
B infections, the nasopharyngeal wash was void of SARS-CoV-2
infections and thus appropriate for the dilution study of the SARS-
CoV-2 spike RBD protein. The recombinant RBD protein was serially
diluted by the stock nasopharyngeal wash at different concentrations.
Per 1 mL of the RBD-diluted nasopharyngeal wash, 100 μL of running
reagents (0.59M Trizma base, 0.39 M Trizma HCl, 5.4% BSA, 8.7%
Triton X-100, 1.1% proclin 300) was added and mixed by shaking
before each assay test. To run LFAs, the strips were dipped in a 96-
well plate filled with 140 μL of the nasopharyngeal wash mixed with
running reagents. The assay took about 30 min before visual reading
followed by a TCA scan. The number of replication of LFAs for each
condition was three.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.1c03217.

More details on the TCA fast-reading algorithm, TCA
reading of commercial tests, mouse IgG and advanced
SARS-CoV-2 antigen lateral flow immunoassays (LFAs),
antigen-binding site characterization, and flow and
reaction kinetic analysis of the advanced LFAs (PDF)

■ AUTHOR INFORMATION
Corresponding Author

John C. Bischof − Department of Mechanical Engineering and
Department of Biomedical Engineering, University of
Minnesota, Minneapolis, Minnesota 55455, United States;
orcid.org/0000-0001-6726-7111; Email: bischof@

umn.edu

Authors
Yilin Liu − Department of Mechanical Engineering, University
of Minnesota, Minneapolis, Minnesota 55455, United States;
orcid.org/0000-0002-8521-8943

Li Zhan − Department of Mechanical Engineering, University
of Minnesota, Minneapolis, Minnesota 55455, United States

Jesse W. Shen − Department of Mechanical Engineering,
University of Minnesota, Minneapolis, Minnesota 55455,
United States
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